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$EVWUDFW

7KH�WURSLFDO�JODFLHUV�LQ�WKH�FHQWUDO�$QGHV�DUH�VHQVLWLYH�LQGLFDWRUV�RI�FOLPDWLF�FKDQJH

DQG�DUH�DQ�LPSRUWDQW�ZDWHU�UHVRXUFH��EXW�DUH�SUHVHQWO\�LQ�D�VWDWH�RI�UDSLG�UHWUHDW�

6SHFWUDO�PL[WXUH�DQDO\VLV�XVLQJ�/DQGVDW�7KHPDWLF�0DSSHU��70��LPDJHV�ZDV�IRXQG

WR�SURYLGH�UREXVW�LGHQWLILFDWLRQ�RI�WKH�DEODWLRQ�DQG�DFFXPXODWLRQ�]RQHV�DW�WZR

WURSLFDO�VLWHV��=RQJR�*ODFLHU�LQ�WKH�&RUGLOOHUD�5HDO��%ROLYLD��DQG�WKH�4XHOFFD\D�,FH

&DS�LQ�3HUX����'HOLQHDWLRQ�RI�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�]RQHV�LV�UHODWLYHO\

LQVHQVLWLYH�WR�WKH�HQGPHPEHUV�VHOHFWHG�WR�UHSUHVHQW�HDFK�]RQH���(QGPHPEHUV

VHOHFWHG�IURP�=RQJR�*ODFLHU�ZHUH�XVHG�ZLWK�HTXDO�VXFFHVV�RQ�WKH�4XHOFFD\D�,FH�&DS�

6SHFWUDO�PL[WXUH�DQDO\VLV�ZDV�IRXQG�WR�EH�VXSHULRU�WR�WKH�XVH�RI�VLQJOH�EDQG�LPDJHV

RU�WKH�70��70��UDWLR�LQ�GLVFULPLQDWLQJ�WKH�DFFXPXODWLRQ�]RQHV�RQ�WKHVH�VPDOO

WURSLFDO�JODFLHUV���7KH�SRVLWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH�LGHQWLILHG�RQ�=RQJR�*ODFLHU

LV�FRQVLVWHQW�ZLWK�WKH�HOHYDWLRQ�RI�WKH�HTXLOLEULXP�OLQH�GHWHUPLQHG�IURP�PDVV

EDODQFH�VWXGLHV���7KLV�VXJJHVWV�WKDW�DV�LQ�PLG�ODWLWXGHV��WKH�HOHYDWLRQ�RI�WKH

WUDQVLHQW�VQRZOLQH�RQ�WURSLFDO�JODFLHUV�DW�WKH�HQG�RI�WKH�DEODWLRQ�VHDVRQ�LV�D�JRRG

SUR[\�IRU�WKH�HOHYDWLRQ�RI�WKH�HTXLOLEULXP�OLQH�

.H\ZRUGV

South America, Remote Sensing, Glaciers, Snow, Bolivia, Peru
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,QWURGXFWLRQ

7URSLFDO�JODFLHUV�DUH�H[WUHPHO\�VHQVLWLYH��EXW�FRPSOH[��LQGLFDWRUV�RI�FOLPDWLF

FKDQJH��+DVWHQUDWK������D���\HW�KDYH�UHFHLYHG�YHU\�OLWWOH�DWWHQWLRQ�FRPSDUHG�WR

WKHLU�PLG�ODWLWXGH�FRXQWHUSDUWV���$OWKRXJK�WURSLFDO�JODFLHUV�KDYH�EHHQ�LQ�D�VWDWH�RI

UHWUHDW�VLQFH�WKH���WK�FHQWXU\��+DVWHQUDWK������D���GHWHUPLQLQJ�WKH�FOLPDWLF�FDXVHV

UHVSRQVLEOH�IRU�WKH�UHWUHDW�LV�GLIILFXOW�EHFDXVH�D�JODFLHUªV�UHVSRQVH�LV�DIIHFWHG�E\�D

KRVW�RI�FOLPDWLF�DQG�QRQ�FOLPDWLF�IDFWRUV��.HUU����������)RU�LQVWDQFH��WKH�REVHUYHG

UHWUHDW�RI�WKH�EHVW�VWXGLHG�JODFLHU�LQ�WKH�WURSLFV��/HZLV�*ODFLHU��0W��.HQ\D��DSSHDUV

WR�EH�FDXVHG�LQ�SDUW�E\�DQ�LQFUHDVH�LQ�DWPRVSKHULF�KXPLGLW\��+DVWHQUDWK�DQG

.UXVV������D��+DVWHQUDWK�DQG�.UXVV������E����*HQHUDOO\��JODFLHU�UHWUHDW�LQ�WKH

WURSLFV�PD\�EH�OLNHG�WR�REVHUYHG�LQFUHDVHV�LQ�WKH�HOHYDWLRQ�RI�WKH����LVRWKHUP

�IUHH]LQJ�OHYHO��LQ�WKH�WURSLFV���7KHVH�LQFUHDVH�LQ�WKH�HOHYDWLRQ�LQ�WKH�IUHH]LQJ�OHYHO

LQ�WXUQ�PD\�EH�UHODWHG�WR�LQFUHDVHV�LQ�WURSLFDO�VHD�VXUIDFH�WHPSHUDWXUHV�DQG

FRQVHTXHQW�HQKDQFHPHQW�RI�WKH�K\GURORJLF�F\FOH�LQ�WKH�WURSLFV��'LD]�DQG�*UDKDP�

��������7KXV�FKDQJHV�LQ�WURSLFDO�JODFLHU�PDVV�EDODQFH�SURYLGH�D�XQLTXH�SHUVSHFWLYH

RQ�K\GURORJLFDO�SURFHVVHV�ZLWKLQ�WKH�WURSLFV�

7KH�SULPDU\�PHWKRG�IRU�UHODWLQJ�JODFLHU�IOXFWXDWLRQV�WR�FOLPDWLF�FKDQJHV�LV�WR

PHDVXUH�GLUHFWO\�WKH�PDVV�EDODQFH�RI�D�JODFLHU�RYHU�WLPH���7KLV�LV�XVXDOO\

DFFRPSOLVKHG�E\�PRQLWRULQJ�LFH�JDLQ�RU�ORVV�DW�D�QHWZRUN�RI�VWDNHV�FRYHULQJ�WKH

JODFLHU�VXUIDFH�RU�E\�SKRWRJUDPPHWULF�VXUYH\V��3DWHUVRQ��������:LOOLDPV�HW�DO��

��������+RZHYHU��VXFK�ILHOG�SURJUDPV�DUH�GLIILFXOW�DQG�H[SHQVLYH��KHQFH�PDVV

EDODQFH�SURJUDPV�KDYH�EHHQ�XQGHUWDNHQ�DW�RQO\�D�IHZ�WURSLFDO�ORFDOHV���,Q�IDFW��WKH

RQO\�ORQJ�WHUP�WURSLFDO�PDVV�EDODQFH�VWXG\�LV�RQ�/HZLV�*ODFLHU��0W��.HQ\D�

�+DVWHQUDWK������E��+DVWHQUDWK����������6KRUWHU�WHUP�PDVV�VWXGLHV�H[LVW�IRU

JODFLHUV�LQ�,ULDQ�-D\D��+RSH�HW�DO����������WKH�&RUGLOOHUD�%ODQFD�RI�3HUX��+DVWHQUDWK

DQG�$PHV��������.DVHU�HW�DO����������DQG�WKH�&RUGLOOHUD�5HDO�RI�%ROLYLD��)UDQFRX�HW
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DO���������5LEVWHLQ�HW�DO�����������$OWKRXJK�DGGLWLRQDO�VWXGLHV�DUH�SODQQHG��WKH�PDVV

EDODQFH�RI�RQO\�D�KDQGIXO�RI�WKH�WKRXVDQGV�RI�WURSLFDO�JODFLHUV�ZLOO�HYHU�EH�PHDVXUHG

GLUHFWO\���7KHVH�GHWDLOHG�PDVV�EDODQFH�VWXGLHV�SURYLGH�YDOXDEOH�NQRZOHGJH�RI�WKH

UHVSRQVH�RI�WURSLFDO�JODFLHUV�WR�FOLPDWLF�FKDQJHV��EXW�GR�QRW�SURYLGH�LQIRUPDWLRQ

DERXW�KRZ�ORFDO�FOLPDWLF�DQG�WRSRJUDSK\�PD\�GLIIHUHQWLDOO\�LQIOXHQFH�JODFLHUV�ZLWKLQ

D�UHJLRQ�
6DWHOOLWH�UHPRWH�VHQVLQJ�DIIRUGV�WKH�SRWHQWLDO�WR�FRPSOHPHQW�PDVV�EDODQFH

VWXGLHV�ZLWK�LQIHUHQFHV�DERXW�UHODWLYH�FKDQJHV�LQ�PDQ\�DGGLWLRQDO�WURSLFDO�JODFLHUV

E\�PRQLWRULQJ�WKH�HOHYDWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH��ZKLFK�LV�GHILQHG�DV�WKH�ORZHU

OLPLW�RI�ODVW�\HDUªV�VQRZ���VWUHP����������)RU�PLG�ODWLWXGH�JODFLHUV��DQG�DW�OHDVW

VRPH�WURSLFDO�JODFLHUV��%��)UDQFRX��SHUVRQDO�FRPPXQLFDWLRQ���WKH�HOHYDWLRQ�RI�WKH

WUDQVLHQW�VQRZOLQH�DW�WKH�HQG�RI�WKH�DEODWLRQ�VHDVRQ�LV�DSSUR[LPDWHO\�FRLQFLGHQW

ZLWK�WKH�HTXLOLEULXP�OLQH�DOWLWXGH��(/$����7KH�(/$�LV�WKH�HOHYDWLRQ�RQ�D�JODFLHU

ZKHUH�WKH�PDVV�EDODQFH�LV����L�H��WKHUH�LV�QR�QHW�PDVV�JDLQ�RU�ORVV�GXULQJ�WKH

EDODQFH�\HDU����,WV�HOHYDWLRQ�LV�LQYHUVHO\�UHODWHG�WR�WKH�DQQXDO�QHW�EDODQFH�RI�WKH

JODFLHU���7KH�PRUH�SRVLWLYH�WKH�QHW�EDODQFH�RI�D�JODFLHU��WKH�ORZHU�WKH�(/$��DQG�WKH

PRUH�QHJDWLYH�D�PDVV�EDODQFH�WKH�KLJKHU�WKH�(/$���,Q�IDFW��WKH�KHLJKW�RI�WKH�(/$

KDV�EHHQ�IRXQG�WR�EH�OLQHDUO\�FRUUHODWHG�WR�WKH�VSHFLILF�PDVV�EDODQFH�RI�VHYHUDO

1RUZHJLDQ�JODFLHUV���VWUHP����������,I�WKH�(/$�RI�D�JODFLHU�DQG�LWV�K\SVRPHWHU\

�DUHD�HOHYDWLRQ�UHODWLRQVKLS��DUH�NQRZQ��WKHQ�WKH�$FFXPXODWLRQ�$UHD�5DWLR��$$5�

FDQ�EH�GHWHUPLQHG�DV�ZHOO���7KXV��E\�PRQLWRULQJ�WKH�WUDQVLHQW�VQRZOLQH��DQG�E\

H[WHQVLRQ��WKH�$$5�YLD�VDWHOOLWH�UHPRWH�VHQVLQJ��UHODWLYH�FKDQJHV�LQ�PDVV�EDODQFH�RI

PDQ\�JODFLHUV�ZLWKLQ�D�UHJLRQ�FDQ�EH�REVHUYHG���6XFK�D�VWUDWHJ\�KDV�EHHQ�VXJJHVWHG

IRU�PRQLWRULQJ�JODFLHUV�ZLWKLQ�WKH�8QLWHV�6WDWHV��)RXQWDLQ�HW�DO��������
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5HPRWH�VHQVLQJ�RI�WKH�WUDQVLHQW�VQRZOLQH

,Q�WKH�YLVLEOH�DQG�QHDU�LQIUDUHG�ZDYHOHQJWKV��WKH�WUDQVLHQW�VQRZOLQH�RIWHQ

DSSHDUV�DV�D�VKDUS�GLVFRQWLQXLW\�LQ�VSHFWUDO�DOEHGR�WKDW�VHSDUDWHV�WKH�DFFXPXODWLRQ

IURP�WKH�DEODWLRQ�]RQH��3DWHUVRQ����������,Q�WKH�DFFXPXODWLRQ�]RQH��WKH�JODFLHUªV

VXUIDFH�LV�FRYHUHG�E\�KLJK�UHIOHFWDQFH�VQRZ�RU�ILUQ��ZKHUHDV�ORZHU�UHIOHFWDQFH�EDUH

LFH�LV�H[SRVHG�ZLWKLQ�WKH�DEODWLRQ�]RQH���8VLQJ�WKLV�VSHFWUDO�GLIIHUHQFH��YLVLEOH�DQG

LQIUDUHG�VDWHOOLWH�UHPRWH�VHQVLQJ�KDV�EHHQ�VXFFHVVIXOO\�XVHG�WR�PDS�WKH�WUDQVLHQW

VQRZOLQH�VLQFH�WKH�EHJLQQLQJ�RI�WKH�/DQGVDW�HUD�LQ�WKH�HDUO\�����V��.ULPPHO�DQG

0HLHU��������0HLHU���������VWUHP����������6XEVHTXHQWO\��ERWK�/DQGVDW

0XOWLVSHFWUDO�6FDQQHU��066��DQG�/DQGVDW�7KHPDWLF�0DSSHU��70��LPDJHV�KDYH

EHHQ�XVHG�LQ�QXPHURXV�JODFLRORJLFDO�DSSOLFDWLRQV��VXFK�DV�PDSSLQJ�WHPSRUDO

FKDQJHV�LQ�WHUPLQXV�SRVLWLRQ��H�J��+DOO�HW�DO�������D����GHOLQHDWLRQ�RI�VQRZ�DQG�LFH

IDFLHV��H�J��%D\U�HW�DO���������:LOOLDPV�HW�DO����������DQG�GHWHUPLQDWLRQ�RI�JODFLDO

DOEHGR��+DOO�HW�DO���������+DOO�HW�DO�����������+RZHYHU��ZKLOH�WKH�XWLOLW\�RI�VDWHOOLWH

LPDJHV�LQ�VWXGLHV�RI�WURSLFDO�JODFLHUV�KDV�EHHQ�GHPRQVWUDWHG��+DVWHQUDWK��������

VDWHOOLWH�UHPRWH�VHQVLQJ�RI�WURSLFDO�JODFLHUV�KDV�EHHQ�OLPLWHG�

(DUO\�ZRUN�GHPRQVWUDWHG�WKDW�DW�OHDVW�WZR�VSHFWUDOO\�GLVWLQFW�]RQHV�FDQ�EH

GLVFULPLQDWHG�RQ�PDQ\�YDOOH\�JODFLHUV��:LOOLDPV�HW�DO�����������,W�LV�SRVVLEOH�WR

GLVWLQJXLVK�WKHVH�]RQHV�XVLQJ�LQGLYLGXDO�EDQGV�ZLWKLQ�WKH�YLVLEOH�DQG�QHDU�LQIUDUHG

SRUWLRQ�RI�WKH�VSHFWUXP��XVXDOO\�066������������µP��RU�/DQGVDW�70������������µP��

$GGLWLRQDOO\��WKH�EDQG�UDWLR�70��70��KDV�EHHQ�FRPPRQO\�HPSOR\HG�WR�GHOLQHDWH

VSHFWUDOO\�VLPLODU�DUHDV�RI�WKH�JODFLHU�DQG�WR�GLVWLQJXLVK�WKH�DEODWLRQ�]RQH�IURP

DGMDFHQW�PRUDLQHV��%D\U�HW�DO���������+DOO�HW�DO�����������)UHVK�VQRZIDOO�DQG�RWKHU



6

HQYLURQPHQWDO�FRQWDPLQDQWV��VRRW��WHSKUD��RU�URFNIDOOV�FDQ�REVFXUH�JODFLDO

ERXQGDULHV��+DOO�HW�DO���������:LOOLDPV�HW�DO���������

%RWK�VLQJOH�EDQG�LPDJHV�DQG�EDQG�UDWLRV�KDYH�SURYHQ�VXFFHVVIXO�LQ

GHOLQHDWLQJ�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�DUHDV�RI�JODFLHUV�LQ�PLG�ODWLWXGH�UHJLRQV�

KRZHYHU��WKH\�DUH�OHVV�UHOLDEOH�LQ�WURSLFDO�VHWWLQJV���7KH�XVH�RI�/DQGVDW�70�IRU

JODFLRORJLFDO�VWXGLHV�LV�KDPSHUHG�E\�WKH�VDWXUDWLRQ�RI�WKH�70�VHQVRU�LQ�WKH�ILUVW��

EDQGV��DQG�RFFDVLRQDOO\�EDQG����RYHU�WKH�DFFXPXODWLRQ�DUHDV��DV�ZHOO�DV�WKH�VPDOO

VL]H�RI�WURSLFDO�JODFLHUV���/DUJH�GLIIHUHQFHV�LQ�DW�VDWHOOLWH�UHIOHFWDQFH�RFFXU�RQ

WURSLFDO�JODFLHUV�GXH�WR�YDU\LQJ�VORSH�RULHQWDWLRQV�DQG�VKDGLQJ�IURP�REVFXULQJ

WRSRJUDSK\���%HFDXVH�RI�WKH�OLPLWDWLRQV�HQFRXQWHUHG�ZLWK�WKH�SUHYLRXVO\�HPSOR\HG

PHWKRGRORJLHV��VSHFWUDO�PL[WXUH�DQDO\VLV�ZDV�LQYHVWLJDWHG�DV�D�WRRO�IRU�SURYLGLQJ

UREXVW�GHOLQHDWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH�RQ�D�UHJLRQDO�VFDOH�

6SHFWUDO�0L[WXUH�$QDO\VLV

6SHFWUDO�PL[WXUH�DQDO\VLV�SURYLGHV�D�TXDQWLWDWLYH�VWUDWHJ\�IRU�VWXG\LQJ

PXOWLVSHFWUDO�LPDJHV��$GDPV�DQG�6PLWK����������,W�KDV�EHHQ�VXFFHVVIXO�XVHG�LQ�D

ZLGH�YDULHW\�RI�HQYLURQPHQWDO�DSSOLFDWLRQV�LQFOXGLQJ�HVWLPDWLRQ�RI�WKH�IUDFWLRQ�RI�DQ

LQGLYLGXDO�SL[HO�FRYHUHG�ZLWK�VQRZ��5RVHQWKDO�DQG�'R]LHU����������,Q�WKLV�VWXG\�

HVWLPDWLRQ�RI�WKH�SHUFHQWDJH�RI�LQGLYLGXDO�SL[HOV�FRYHUHG�E\�D�FHUWDLQ�VXUIDFH�W\SH

ZDV�QRW�WKH�JRDO��UDWKHU�VSHFWUDO�PL[LQJ�ZDV�XVHG�VLPSO\�WR�GHOLQHDWH�WKH

DFFXPXODWLRQ�DQG�DEODWLRQ�]RQHV�

,Q�VSHFWUDO�PL[WXUH�DQDO\VLV�WKH�UHIOHFWDQFH�RI�D�SL[HO�LQ�DQ�LQGLYLGXDO�EDQG�LV

PDWKHPDWLFDOO\�PRGHOHG�DV�D�OLQHDU�RU�QRQOLQHDU�VXP�RI�WKH�UHIOHFWDQFHV�RI�D�VPDOO
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QXPEHU�RI�NQRZQ�FRPSRQHQWV�FDOOHG�HQGPHPEHUV���/LQHDU�PL[LQJ�LV�DQ�DSSURSULDWH

PRGHO�LI�GLIIHUHQW�VXUIDFH�PDWHULDOV�DUH�VSDWLDOO\�VHSDUDWHG�ZLWKLQ�D�SL[HO���,Q�WKLV

FDVH��D�SKRWRQ�ZLOO�LQWHUDFW�ZLWK�RQO\�D�VLQJOH�VXUIDFH�PDWHULDO�DQG�WKH�VSHFWUDO

PL[WXUH�FDQ�EH�FRQVLGHUHG�PDFURVFRSLF���,Q�LQWLPDWH�PL[WXUHV��KRZHYHU��SKRWRQV

LQWHUDFW�ZLWK�PRUH�WKDQ�D�VLQJOH�FRPSRQHQW�DQG�QRQOLQHDU�PL[LQJ�PD\�RFFXU��6DERO

HW�DO�����������3RVVLEOH�VRXUFHV�RI�QRQOLQHDU�HIIHFWV�RQ�D�JODFLHU�RU�VQRZ�FRYHUHG

VXUIDFH�LQFOXGH�DEVRUSWLRQ�DW�YLVLEOH�DQG�QHDU�LQIUDUHG�ZDYHOHQJWKV�E\

FRQWDPLQDQWV�RU�DEVRUSWLRQ�LQ�WKH�VKRUWZDYH�LQIUDUHG�ZDYHOHQJWKV�E\�LFH���'HVSLWH

SRWHQWLDO�QRQOLQHDU�HIIHFWV���OLQHDU�PL[LQJ�KDV�EHHQ�VKRZQ�DSSURSULDWH�IRU�PDSSLQJ

PRQWDQH�VQRZFRYHU��5RVHQWKDO�DQG�'R]LHU��������

,Q�OLQHDU�PL[LQJ�WKH�PHDVXUHG�UHIOHFWDQFH�IURP�DQ�LQGLYLGXDO�SL[HO�LQ��D

VLQJOH�EDQG�LV�PRGHOHG�DV�

( )R F Rmeasured b em b em b
em

N

b, , ,= +
=

∑
1

ε (1)

:KHUH�5PHDVXUHG��E�LV�WKH�PHDVXUHG�UHIOHFWDQFH�LQ�HDFK�EDQG��E���5HP�E�LV�WKH

UHIOHFWDQFH�RI�HQGPHPEHU��)HP�LV�WKH�IUDFWLRQ�RI�HDFK�SL[HO�FRYHUHG�E\�HDFK

HQGPHPEHU�LQ�HDFK�EDQG��E����εE�UHSUHVHQWV�WKH�HUURU�EHWZHHQ�WKH�PRGHOHG�DQG

PHDVXUHG�UHIOHFWDQFH�LQ�HDFK�EDQG��DQG�1�LV�WKH�WRWDO�QXPEHU�RI�HQGPHPEHUV�

$GGLWLRQDOO\��WKH�VXP�RI�DOO�HQGPHPEHU�IUDFWLRQV�LV�DVVXPHG�WR�EH�XQLW\�

Fem
em

N

=
=

∑ 1
1

(2)

$V�WKH�DLP�RI�WKH�VWXG\�ZDV�QRW�D�TXDQWLWDWLYH�DVVHVVPHQW�RI�SHUFHQWDJH�RI�HDFK
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SL[HO�RFFXSLHG�E\�DQ�LQGLYLGXDO�HQGPHPEHU��HQGPHPEHU�IUDFWLRQV�ZHUH�QRW

FRQVWUDLQHG�WR�EH�QRQQHJDWLYH���$�URRW�PHDQ�VTXDUH��506��HUURU�ZDV�FRPSXWHG�IRU

HDFK�SL[HO�EDVHG�RQ�WKH�GLIIHUHQFH�EHWZHHQ�WKH�PRGHOHG�DQG�PHDVXUHG�UHIOHFWDQFH�RI

HDFK�SL[HO�LQ�HDFK�EDQG�DV�

( )ε = −



∑1 2

1

1 2

n
R Rmeasured

n
PRGHOHG

/

(3)

ZKHUH�Q�UHSUHVHQWV�WKH�QXPEHU�RI�EDQGV.

'HWHUPLQLQJ�WKH�HQGPHPEHU�IUDFWLRQV�IRU�HDFK�SL[HO�UHTXLUHV�VROYLQJ

HTXDWLRQ�����IRU�HDFK�RI�WKH�Q�EDQGV�DQG�HTXDWLRQ�����VLPXOWDQHRXVO\���7KH�SUREOHP

LV�RYHUGHWHUPLQHG�DV�WKHUH�DUH�PRUH�HTXDWLRQV�WKDQ�XQNQRZQV���,W�LV�VROYHG�E\

ILQGLQJ�D�VROXWLRQ�WKDW�EHVW�VDWLVILHV�DOO�HTXDWLRQV�VLPXOWDQHRXVO\���7KLV�ZDV

DFFRPSOLVKHG�E\�XVLQJ�D�VLQJXODU�YDOXH�GHFRPSRVLWLRQ��69'��DOJRULWKP�RI�3UHVV�HW

DO���������WR�LQYHUW�WKH�VSHFWUDO�HQGPHPEHUV�DQG�WR�GHWHUPLQH�WKH�HQGPHPEHU

IUDFWLRQV��%RDUGPDQ����������69'�ZDV�FKRVHQ�EHFDXVH�RI�LWV�DELOLW\�WR�VROYH�VLQJXODU

RU�QHDUO\�VLQJXODU�HTXDWLRQV��EXW�LW�KDV�WKH�GLVDGYDQWDJH�RI�EHLQJ�FRPSXWDWLRQDOO\

LQWHQVLYH�

,PDJH�3URFHVVLQJ�DQG�$QDO\VLV

7ZR�/DQGVDW�70�LPDJHV���SDWK�����URZ�����,'���������������DFTXLUHG

$XJXVW����������DQG�SDWK�����URZ�����,'���������������DFTXLUHG�-XO\����������

ZHUH�XVHG�WR�GHPRQVWUDWH�WKH�XWLOLW\�RI�VSHFWUDO�PL[WXUH�DQDO\VLV�IRU�GHWHFWLQJ�WKH

WUDQVLHQW�VQRZOLQH���%RWK�ZHUH�DFTXLUHG�LQ�WKH�PLGGOH�RI�WKH�GU\�VHDVRQ�DQG�WKH

WUDQVLHQW�VQRZOLQH�PD\�QRW�\HW�KDYH�DWWDLQHG�LWV�KLJKHVW�DQQXDO�DOWLWXGH���+RZHYHU�
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WKLV�GRHV�QRW�OLPLW�WKHLU�XVHIXOQHVV�LQ�DVVHVVLQJ�WKH�SHUIRUPDQFH�RI�VSHFWUDO�PL[WXUH

DQDO\VLV���3ULRU�WR�SHUIRUPLQJ�VSHFWUDO�XQPL[LQJ��WKH�RULJLQDO�70�GLJLWDO�YDOXHV

ZHUH�FRQYHUWHG�WR�DW�VDWHOOLWH�UHIOHFWDQFH�XVLQJ�WKH�SURFHGXUH�GHVFULEHG�LQ�0DUNXP

DQG�%DUNHU��������DQG�D�VLPSOH�DWPRVSKHULF�FRUUHFWLRQ�ZDV�DSSOLHG�XVLQJ�WKH

PRGLILHG�EODFNERG\�PHWKRG�RI�&KDYH]��������

7R�D�ILUVW�DSSUR[LPDWLRQ��WKH�VXUIDFH�RI�WKHVH�WURSLFDO�JODFLHUV�FDQ�EH�PRGHOHG

DV�D�WKUHH�FRPSRQHQW�PL[WXUH�RI�KLJK�UHIOHFWDQFH�VQRZ�DQG�ILUQ��ORZHU�UHIOHFWDQFH

GLUW\�LFH��DQG�VKDGH���$�VSHFWUDO�OLEUDU\�UHSUHVHQWLQJ�WKHVH�WKUHH�FRPSRQHQWV�DV�ZHOO

DV�D�ORFDO�URFN�VRLO�HQGPHPEHU�ZDV�FRQVWUXFWHG�IURP�D�SRUWLRQ�RI�WKH�/DQGVDW�70

VFHQH�SDWK�����URZ����FRQWDLQLQJ�=RQJR�*ODFLHU��)LJXUH������%HFDXVH�RI�VDWXUDWLRQ

RI�WKH�70�VHQVRU�RYHU�VQRZ�FRYHUHG�VXUIDFHV��HVSHFLDOO\�RQ�QRUWKHDVW�VORSHV�WKDW

IDFH�GLUHFWO\�LQWR�WKH�VXQ��WZR�HQGPHPEHUV�ZHUH�XVHG�WR�UHSUHVHQW�WKH�DFFXPXODWLRQ

]RQH��2QH�HQGPHPEHU�ZDV�VHOHFWHG�WR�UHSUHVHQW�VDWXUDWHG�SL[HOV��WKH�RWKHU�WR

UHSUHVHQW�XQVDWXUDWHG�SL[HOV�

,GHDOO\��ODERUDWRU\�RU�ILHOG�VSHFWUD�ZRXOG�EH�HPSOR\HG�DV�WKH�HQGPHPEHUV

UDWKHU�WKDQ�YDOXHV�VHOHFWHG�IURP�WKH�LPDJH�LWVHOI���+RZHYHU��SXEOLVKHG�KLJK�

UHVROXWLRQ�JODFLHU�VSHFWUD��+DOO�HW�DO���������+DOO�HW�DO���������VHOGRP�H[WHQG�EH\RQG

WKH�QHDU�LQIUDUHG������WR�����µP��VR�FRPSDULVRQ�ZLWK�DW�VDWHOOLWH�UHIOHFWDQFHV�LQ

/DQGVDW�EDQGV��������������µP��DQG�������������µP��ZDV�LPSRVVLEOH���,Q�WKH�VKRUWHU

YLVLEOH�DQG�QHDU�LQIUDUHG�ZDYHOHQJWKV�ZKHUH�SXEOLVKHG�VSHFWUD�GR�H[LVW��WKH

/DQGVDW�70�VHQVRUV�ZHUH�FRPPRQO\�VDWXUDWHG�

7KH�VL[�YLVLEOH�WR�PLG�LQIUDUHG�EDQGV�RI�WKH�/DQGVDW�LPDJHV�ZHUH�XVHG�LQ�WKH
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VSHFWUDO�PL[WXUH�DQDO\VLV�ZLWK�WKH�HQGPHPEHUV�GHVFULEHG�DERYH�SOXV�D�SXUH�VKDGH

HQGPHPEHU���7KH�SXUH�VKDGH�HQGPHPEHU�ZDV�LQFOXGHG�WR�DFFRXQW�IRU�GLIIHUHQFHV�LQ

UHIOHFWDQFH�GXH�WR�VORSH�RULHQWDWLRQV�DQG�VKDGRZV���7KLV�ZDV�QHFHVVDU\�DV�WKH

HQGPHPEHUV�ZHUH�VHOHFWHG�IURP�WKH�EHVW�LOOXPLQDWHG�DUHDV�RQ�WKH�JODFLHUV�

7URSLFDO�*ODFLHUV�RI�3HUX�DQG�%ROLYLD

7KH�$QGHV�RI�3HUX�DQG�%ROLYLD�FRQWDLQ�DSSUR[LPDWHO\�����RI�WKH�JODFLDWHG

DUHD�LQ�WKH�WURSLFV��-RUGDQ����������7KLV�UHJLRQ�LV�LPSRUWDQW�LQ�WKH�VWXG\�RI�WURSLFDO

JODFLHUV�EHFDXVH�WKH\�UHSUHVHQW�VRXUFHV�RI�ZDWHU�IRU�K\GURHOHFWULFLW\��LUULJDWLRQ�

GULQNLQJ��DV�ZHOO�DV�UHFUHDWLRQ��-RUGDQ����������7ZR�DUHDV�ZHUH�FKRVHQ�WR�LOOXVWUDWH

WKH�DSSOLFDWLRQ�RI�VSHFWUDO�PL[LQJ�DQDO\VLV�WR�WKHVH�WURSLFDO�JODFLHUV���=RQJR�*ODFLHU

LQ�WKH�&RUGLOOHUD�5HDO�RI�%ROLYLD�DQG�WKH�4XHOFFD\D�,FH�&DS�LQ�3HUX��)LJXUH����

=RQJR�*ODFLHU�LV�D�YDOOH\�JODFLHU�ORFDWHG�DW����6�����:�ODWLWXGH�RQ�WKH

+XD\QD�3RWRVt�PDVVLI�DSSUR[LPDWHO\����QRUWKHDVW�RI�WKH�FLW\�RI�/D�3D]���,WV

HOHYDWLRQ�UDQJHV�IURP������WR������P�ZLWK�LWV�XSSHU�SRUWLRQV�KDYLQJ�D�VRXWKHUO\

RULHQWDWLRQ�DQG�LWV�ORZHU�UHDFKHV�DQ�HDVWHUO\�H[SRVXUH��)UDQFRX�HW�DO�����������6LQFH

������=RQJR�*ODFLHU�KDV�EHHQ�WKH�VLWH�RI�RQJRLQJ�JODFLRORJLFDO�LQYHVWLJDWLRQV

�)UDQFRX�HW�DO���������5LEVWHLQ�HW�DO���������DQG�LW�RIIHUV�WKH�RSSRUWXQLW\�WR�FRUUHODWH

UHPRWH�VHQVLQJ�REVHUYDWLRQV�RI�WUDQVLHQW�VQRZOLQH�ZLWK�D�PDVV�EDODQFH�WLPH�VHULHV�

,Q�FRQWUDVW��4XHOFFD\D�LV�D�VPDOO�LFH�FDS�ORFDWHG�LQ�WKH�HDVWHUQ�FRUGLOOHUD�RI�3HUX�DW

�������6���������:���,WV�VXUIDFH�DUHD�LV����NP��DQG�LW�LV�����NP�LQ�ZLGWK�DQG�XS�WR���

NP�LQ�OHQJWK���7KH�VXPPLW�LV�ORFDWHG�DW�DSSUR[LPDWHO\������P�ZLWK�RXWOHW�JODFLHUV

H[WHQGLQJ�GRZQ�WR�����������P��7KRPSVRQ�����������4XHOFFD\D�KDV�EHHQ�WKH�VLWH�RI
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QXPHURXV�JODFLRORJLFDO�VWXGLHV�RYHU�WKH�SDVW�WZHQW\�\HDUV��H�J��+DVWHQUDWK�������

7KRPSVRQ��������7KRPSVRQ��������7KRPSVRQ�DQG�+DVWHQUDWK��������

7KHVH�WURSLFDO�JODFLHUV�YDU\�IURP�WKHLU�EHWWHU�VWXGLHG�PLG�ODWLWXGH

FRXQWHUSDUWV�LQ�VHYHUDO�LPSRUWDQW�UHVSHFWV�WKDW�PXVW�EH�FRQVLGHUHG�ZKHQ�XVLQJ

YLVLEOH�DQG�QHDU��WR�PLG�LQIUDUHG�LPDJHV���8QOLNH�WHPSHUDWH�JODFLHUV��WKH�DEODWLRQ

DQG�DFFXPXODWLRQ�VHDVRQV�RI�JODFLHUV�LQ�WKH�3HUXYLDQ�%ROLYLDQ�$QGHV�FRLQFLGH�DQG

JHQHUDOO\�H[WHQG�IURP�2FWREHU�0D\��)UDQFRX�HW�DO�����������7KH�SHULRG�IURP�-XQH

WKURXJK�HDUO\�2FWREHU�LV�PDUNHG�E\�GU\�DQG�UHODWLYHO\�FORXG�IUHH�FRQGLWLRQV�PDNLQJ

LW�SRVVLEOH�WR�IROORZ�WKH�ULVH�LQ�WUDQVLHQW�VQRZOLQH�WR�LWV�KLJKHVW�HOHYDWLRQ���+RZHYHU�

WKHUH�LV�FRQVLGHUDEOH�LQWHU�DQQXDO�YDULDELOLW\�LQ�WKH�PDVV�EDODQFH�DQG�LQ�WKH

DOWLWXGH�RI�WKH�HTXLOLEULXP�OLQH��)UDQFRX�HW�DO�����������6QRZIDOO�FDQ�DOVR�RFFXU�LQ

WKH�GU\�VHDVRQ���7KHUHIRUH�FDUH�PXVW�EH�WDNHQ�ZKHQ�PDNLQJ�DQ\�LQIHUHQFH�EDVHG�RQ

OLPLWHG�VDPSOLQJ�RI�WUDQVLHQW�VQRZOLQH�SRVLWLRQV�

7KH�WHPSHUDWXUH�UHJLPH�RI�WKH�WURSLFV�LV�GRPLQDWHG�E\�D�VWURQJ�GLXUQDO�F\FOH�

7HPSHUDWXUHV�LQ�WKH�DIWHUQRRQ�HYHQ�DW�HOHYDWLRQV�XS�WR������P�DUH�VHOGRP�EHORZ

IUHH]LQJ��-RKQVRQ����������+LJK�DIWHUQRRQ�WHPSHUDWXUHV�FRPELQHG�ZLWK�LQWHQVH

VKRUWZDYH�UDGLDWLRQ�TXLFNO\�PHOWV�VQRZFRYHU�IDOOLQJ�RXWVLGH�RI�JODFLHUV�DQG

SHUHQQLDO�VQRZ�SDWFKHV��5LEVWHLQ�HW�DO���������DOORZLQJ�JODFLHU�DUHD�WR�EH�HVWLPDWHG

DFFXUDWHO\�

%RWK�ILHOG�VWXGLHV�DQG�DQDO\VLV�RI�/DQGVDW�70�DQG�066�LPDJHV�VKRZV�WKH

VXUIDFH�FKDUDFWHU�RI�WKH�JODFLHUV�WR�EH�TXLWH�VLPSOH���7KH�DFFXPXODWLRQ�]RQH�LV

FRPPRQO\�FKDUDFWHUL]HG�E\�XQLIRUP�KLJK�UHIOHFWDQFH�VQRZ�RU�ILUQ�ZKHUHDV�WKH

DEODWLRQ�]RQH�LV�W\SLFDOO\�EDUH�LFH�ZLWK�VPDOO�SDWFKHV�RI�VQRZ�RU�ILUQ��)LJXUH����
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9DULDEOH�DPRXQWV�RI�URFN�GHEULV�DQG�ZDWHU�DOVR�RFFXU�RQ�WKH�JODFLHU�VXUIDFH�

SULPDULO\�ZLWKLQ�WKH�DEODWLRQ�]RQH��EXW�XVXDOO\�DUH�PLQRU�FRPSRQHQWV���,FH�IDOOV�DQG

FOLIIV�SURGXFH�VKDGLQJ�DW�VXESL[HO�OHYHOV���6KDGRZLQJ�GXH�WR�REVFXULQJ�WRSRJUDSK\�LV

DOVR�FRPPRQ�

=RQJR
=RQJR�JODFLHU�LV�WKH�EHVW�ORFDWLRQ�LQ�WKH�FHQWUDO�$QGHV�IRU�YDOLGDWLRQ�RI

VSHFWUDO�PL[WXUH�DQDO\VLV�EHFDXVH�LW�LV�WKH�VLWH�RI�RQJRLQJ�PDVV�EDODQFH�VWXGLHV�WKDW

FDQ�EH�XVHG�WR�FRPSDUH�WUDQVLHQW�VQRZOLQH�HOHYDWLRQV�WR�NQRZQ�(/$V���$V�FDQ�EH

VHHQ�LQ�WKH�70�EDQG������������µP��LPDJH��)LJXUH�����WZR�GLVWLQFW�]RQHV�DSSHDU�RQ

=RQJR���7KHVH�FRUUHVSRQG�ZHOO�WR�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�DUHDV�REVHUYHG�LQ

WKH�ILHOG�VLQFH�WKH�LQFHSWLRQ�RI�WKH�JODFLHU�PRQLWRULQJ�SURJUDP�LQ������

7KH�SRUWLRQ�RI�WKH�/DQGVDW�VFHQH�FRQWDLQLQJ�=RQJR�*ODFLHU�ZDV�VSHFWUDOO\

XQPL[HG�XVLQJ�WKH�HQGPHPEHUV�VKRZQ�LQ�)LJXUH�����7KH�UHVXOWLQJ�IUDFWLRQDO

DEXQGDQFH�LPDJHV��ZKLFK�LQGLFDWH�WKH�SHUFHQWDJH�RI�HDFK�HQGPHPEHU�LQ�D�SL[HO��DUH

VKRZQ�LQ�)LJXUHV��D�G���7KH�IUDFWLRQDO�DEXQGDQFH�LPDJHV�RI�WKH�WZR�DFFXPXODWLRQ

HQGPHPEHUV�ZHUH�VXPPHG�WR�SURGXFH�D�VLQJOH�DFFXPXODWLRQ�IUDFWLRQDO�DEXQGDQFH

LPDJH���&RPSDULVRQ�RI�)LJXUHV��D�DQG��E�FOHDUO\�VKRZ�WKH�DELOLW\�RI�VSHFWUDO

PL[WXUH�DQDO\VLV�WR�GLVWLQJXLVK�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�]RQHV�RQ�=RQJR

*ODFLHU���$ERYH�WKH�WUDQVLHQW�VQRZOLQH��VHH�)LJXUH�����WKH�IUDFWLRQDO�DEXQGDQFH�RI

WKH�DFFXPXODWLRQ�HQGPHPEHUV�LV�KLJK��)LJXUH��D���ZKHUHDV�EHORZ�WKH�WUDQVLHQW

VQRZOLQH�WKH�DEODWLRQ�HQGPHPEHU�GRPLQDWHV��)LJXUH��E��

6KDGH��)LJXUH��G��LV�D�VPDOO�FRPSRQHQW�RYHU�PXFK�RI�WKH�JODFLHUªV�VXUIDFH�
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7KH�XQLIRUP�VKDGH�IUDFWLRQ�IRXQG�RYHU�PRVW�RI�WKH�DFFXPXODWLRQ�]RQH�PD\�EH�GXH�LQ

SDUW�WR�VHOHFWLRQ�RI�HQGPHPEHUV�IURP�WKH�EHVW�LOOXPLQDWHG�DUHDV���7KH�SDWFKHV�RI

KLJK�VKDGH�IUDFWLRQ�EHORZ�WKH�WUDQVLHQW�VQRZOLQH�DSSHDU�WR�FRUUHVSRQG�WR�VHYHUDO

ODUJH�LFH�IDOOV�LQ�WKH�ORZHU�UHDFKHV�RI�WKH�JODFLHU���2YHUDOO��WKH�506�HUURUV��)LJXUH

���DUH�TXLWH�ORZ�RYHU�PXFK�RI�=RQJR�JODFLHU���7KH�VOLJKWO\�KLJKHU�506�HUURUV

DVVRFLDWHG�ZLWK�WKH�DEODWLRQ�]RQH�PD\�EH�GXH�LQ�SDUW�WR�LQDGHTXDWH�VHOHFWLRQ�RI�DQ

DEODWLRQ�HQGPHPEHU��EXW�DUH�DOVR�FRQVLVWHQW�ZLWK�WKH�PRUH�KHWHURJHQHRXV�QDWXUH�RI

WKH�DEODWLRQ�]RQH�

6SHFWUDO�PL[LQJ�DOVR�GRHV�DQ�H[FHOOHQW�MRE�RI�GLVFULPLQDWLQJ�EHWZHHQ�LFH�DQG

VQRZ�DQG�VRLO�URFN���7KH�JODFLHU�ERXQGDULHV�VHHQ�LQ�WKH�VRLO�URFN�HQGPHPEHU�LPDJH

�)LJXUH��F��DJUHH�ZHOO�ZLWK�WKH�VQRZ�DQG�LFH�FRYHUHG�DUHDV�GHWHUPLQHG�XVLQJ�D

ELQDU\�VQRZFRYHU�FODVVLILFDWLRQ��)LJXUH����GHYHORSHG�E\�'R]LHU����������7KH

FODVVLILFDWLRQ�FULWHULRQ�IRU�GHWHUPLQDWLRQ�RI�VQRZ�DQG�JODFLHU�FRYHUHG�SL[HOV�ZDV�DV

IROORZV��UHIOHFWDQFH�LQ�70�������������µP��JUHDWHU�WKDQ�������UHIOHFWDQFH�LQ�70�

�����������µP��OHVV�WKDQ������DQG�WKH�QRUPDOL]HG�GLIIHUHQFH�UDWLR�EHWZHHQ�70�

�����������µP��DQG�70���>�70��70����70��70��@��JUHDWHU�WKDQ��������%HFDXVH

WURSLFDO�JODFLHUV�FRYHU�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�ODQGVFDSH��WKH�HIILFLHQF\�RI�WKH

VSHFWUDO�PL[LQJ�DSSURDFK�FDQ�EH�LPSURYHG�JUHDWO\�E\�XVLQJ�D�FRPSXWDWLRQDOO\

IUXJDO�VQRZ�FRYHU�FODVVLILFDWLRQ�DOJRULWKP��VXFK�DV�WKDW�RI��'R]LHU��������RU

6QRZPDS��+DOO�HW�DO�������E���WR�PDVN�RXW�XQZDQWHG�SL[HOV�EHIRUH�VSHFWUDO�PL[WXUH

DQDO\VLV�LV�SHUIRUPHG�

6SHFWUDO�PL[LQJ�DQDO\VLV�RI�WURSLFDO�JODFLHUV�LV�QRW�ZLWKRXW�SUREOHPV���'HHS
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VKDGRZV�SUHVHQW�SUREOHPV�WR�DQ\�FODVVLILFDWLRQ�WHFKQLTXH�DQG�VSHFWUDO�XQPL[LQJ�LV

QR�H[FHSWLRQ���7KH�KHDYLO\�VKDGRZHG�DUHDV�LQ�WKH�DFFXPXODWLRQ�DUHD�RI�=RQJR

JODFLHU�YLVLEOH�LQ�)LJXUH���DUH�FKDUDFWHUL]HG�E\�D�KLJK�IUDFWLRQDO�DEXQGDQFH�RI�WKH

DEODWLRQ�HQGPHPEHU��)LJXUH��E��UDWKHU�WKDQ�D�PL[�RI�DFFXPXODWLRQ�DQG�VKDGH�

7KH�SUREOHP�LV�QRW�OLPLWHG�WR�VSHFWUDO�PL[WXUH�DQDO\VLV�DV�VQRZ�ZDV�PDSSHG

LQFRUUHFWO\�RYHU�PDQ\�RI�WKH�KHDYLO\�VKDGRZHG�DUHDV�E\�WKH�VLPSOHU�ELQDU\

FODVVLILHUV�DV�ZHOO��)LJXUH����

7KH�WUDQVLHQW�VQRZOLQH�FDQ�EH�HDVLO\�LGHQWLILHG�RQ�=RQJR�JODFLHU�XVLQJ

VSHFWUDO�PL[LQJ�DQDO\VLV��GHVSLWH�LQDGHTXDWH�NQRZOHGJH�RI�WKH�QXPEHU�DQG

FKDUDFWHU�RI�LPDJH�HQGPHPEHUV���7KH�HOHYDWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH�LV�HDVLO\

GHWHUPLQHG�E\�SORWWLQJ�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�HQGPHPEHUV�IUDFWLRQV�DORQJ

D�WUDQVHFW�DFURVV�WKH�JODFLHU��)LJXUH������$W�WKH�WUDQVLHQW�VQRZOLQH�WKHUH�LV�DQ

DEUXSW�VKLIW�LQ�ERWK�DFFXPXODWLRQ�DQG�DEODWLRQ�HQGPHPEHU�IUDFWLRQV���&RPSDULVRQ

RI�WKH�IUDFWLRQDO�DEXQGDQFH�LPDJHV�ZLWK�D�70��70��UDWLR��)LJXUH�����FOHDUO\�VKRZV

WKH�VXSHULRULW\�RI�WKH�VSHFWUDO�PL[WXUH�DQDO\VLV�WR�EDQG�UDWLRV�LQ�LGHQWLILFDWLRQ�RI

WKH�WUDQVLHQW�VQRZOLQH���7KH�WUDQVLHQW�VQRZOLQH�FOHDUO\�YLVLEOH�LQ�WKH�HQGPHPEHU

IUDFWLRQ�LPDJHV�LV�GLIILFXOW�RU�LPSRVVLEOH�WR�GLVFHUQ�RQ�WKH�UDWLR�LPDJH�

7KH�HOHYDWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH�DW�WKH�WLPH�WKH�70�LPDJH�ZDV

DFTXLUHG�ZDV������P��)LJXUH������$OWKRXJK�WKH�WUDQVLHQW�VQRZOLQH�PD\�QRW�KDYH

UHDFKHG�LWV�KLJKHVW�HOHYDWLRQ�E\�HDUO\�$XJXVW��DQ�HOHYDWLRQ�WKDW�FRPSDUHV�ZHOO�WR

ODWHU�(/$�HVWLPDWHV�PDGH�XVLQJ�D�WUDGLWLRQDO�VWDNH�QHWZRUN���'XULQJ�����������

WKH�HTXLOLEULXP�OLQH�ZDV�DW������P�DQG�GXULQJ�����������LW�ZDV�DW������P���7KH

GLIIHUHQFH�LQ�WKH�(/$�EHWZHHQ�WKH�WZR�EDODQFH�\HDUV�ZDV�FDXVHG�E\�DQ�(162�HYHQW
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GXULQJ�������������,Q�WKLV�SRUWLRQ�RI�WKH�$QGHV��(162�HYHQWV�DUH�PDUNHG�E\�GU\�

KRW��DQG�VXQQ\�FRQGLWLRQV�WKDW�FDXVH�WKH�(/$�WR�ULVH�PXFK�KLJKHU�WKDQ�XQGHU�PRUH

QRUPDO�FRQGLWLRQV��VXFK�DV�GXULQJ�����������LQ�ZKLFK�WKH�QHW�EDODQFH�ZDV�QHDUO\

]HUR��)UDQFRX�HW�DO�����������7KH�KLJKHVW�HOHYDWLRQ�WKH�WUDQVLHQW�VQRZOLQH�UHDFKHG

GXULQJ�WKH�����������EDODQFH�\HDU�LV�XQNQRZQ��EXW�E\�HDUO\�$XJXVW��WKH�WUDQVLHQW

VQRZOLQH�KDG�DOUHDG\�UHDFKHG�WKH�KHLJKW�RI�WKH�(/$�IRU�DQ�HTXLOLEULXP�\HDU���7KLV

VWURQJO\�VXJJHVWV�WKDW�WKH�QHW�EDODQFH�RI�=RQJR�*ODFLHU�IRU�����������K\GURORJLF

\HDU�ZDV�QHJDWLYH���7KLV�DJUHHV�ZHOO�ZLWK�WKH�WHPSHUDWXUH�DQG�SUHFLSLWDWLRQ�UHFRUGV

RI�(O�$OWR�/D�3D]�DQG�WKH�RFFXUUHQFH�RI�DQ�(162�HYHQW�GXULQJ�WKLV�SHULRG�

$�SXEOLVKHG�K\SVRPHWULF�FXUYH��)UDQFRX�HW�DO���������DQG�DQ�DGGLWLRQDO�RQH�

FDOFXODWHG�IURP�D�GLJLWDO�HOHYDWLRQ�PRGHO��'(0��IRU�WKLV�VWXG\��H[LVW�IRU�=RQJR

JODFLHU���7KH�WUDQVLHQW�VQRZOLQH�HOHYDWLRQ�RI������GHWHUPLQHG�IURP�WKH�VSHFWUDO

PL[WXUH�DQDO\VLV�JLYHV�D�UHVXOWDQW�$$5�RI������IRU�WKH�SXEOLVKHG�K\SVRPHWULF�FXUYH

DQG������IRU�WKH�'(0�GHULYHG�FXUYH���)RU�FRPSDULVRQ��WKH������PHWHU�(/$�GXULQJ

WKH�����������(162�\HDU�UHVXOWHG�LQ�DQ�$$5�RI��������7KXV�LI�DQFLOODU\�LQIRUPDWLRQ

DERXW�WKH�JODFLHU�K\SVRPHWU\�DUH�NQRZQ�HLWKHU�IURP�SXEOLVKHG�VRXUFHV��GHWHUPLQHG

IURP�WRSRJUDSKLF�PDSV�RU�FDOFXODWHG�GLUHFWO\�IURP�VWHURJUDSKLF�VDWHOOLWH�LPDJHV�FDQ

EH�XVHG�WR�HDVLO\�GHWHUPLQH�WKH�$$5V�IRU�D�QXPEHU�RI�WURSLFDO�JODFLHUV�

4XHOFFD\D
6SHFWUDO�XQPL[LQJ�ZDV�DOVR�SHUIRUPHG�RYHU�DQ�DUHD�FRQWDLQLQJ�WKH�4XHOFFD\D

,FH�&DS�WR�H[DPLQH�WKH�SRUWDELOLW\�RI�VSHFWUDO�HQGPHPEHUV�IURP�RQH�DUHD�LQ�WKH

FHQWUDO�$QGHV�WR�DQRWKHU���9LVXDO�H[DPLQDWLRQ�RI�WKH�/DQGVDW�70�EDQG���LPDJH�RI



16

4XHOFFD\D��)LJXUH���D��VXJJHVWV�WKDW��OLNH�=RQJR��WZR�GLVWLQFW�VSHFWUDO�]RQHV�H[LVW

RQ�WKH�LFH�FDS�DQG�RXWOHW�JODFLHUV���$GGLWLRQDOO\��WKH�VWURQJ�FRQWUDVW�EHWZHHQ�WKH�LFH

FDS�DQG�VXUURXQGLQJ�DUHD�VXJJHVW�WKDW�VSHFWUDO�PL[LQJ�VKRXOG�DOORZ�JRRG

GHOLQHDWLRQ�RI�WKH�LFH�FDS�PDUJLQV���7KH�VSHFWUDO�PL[WXUH�DQDO\VLV�ZDV�XQGHUWDNHQ

XVLQJ�WKH�HQGPHPEHUV�VHOHFWHG�IURP�=RQJR�*ODFLHU���(YHQ�WKRXJK�WKH�VSHFWUDO

HQGPHPEHUV�ZHUH�VHOHFWHG�IURP�D�GLIIHUHQW�DUHD��WKH�UHVXOWV�RI�VSHFWUDO�PL[LQJ�DUH

TXLWH�UHPDUNDEOH���7KH�DFFXPXODWLRQ��)LJXUH���E��DQG�DEODWLRQ��)LJXUH���F�

]RQHV�DUH�HDVLO\�GLVWLQJXLVKHG�LQ�WKH�IUDFWLRQ�LPDJHV���,Q�SDUWLFXODU��WKH�DEODWLRQ

DUHDV��ZKLFK�DUH�ORFDWHG�RQ�D�VHULHV�RI�VPDOO�RXWOHW�JODFLHUV��DUH�FOHDUO\�YLVLEOH�LQ�WKH

DEODWLRQ�IUDFWLRQ�LPDJH���,W�LV�LQWHUHVWLQJ��DQG�HQFRXUDJLQJ��WR�QRWH�WKDW�RQ�PDQ\

RXWOHW�JODFLHUV�VKDGH�LV�D�YHU\�VPDOO�FRPSRQHQW���7KXV�DEODWLRQ�DUHDV�ZHUH�FRUUHFWO\

LGHQWLILHG��DQG�QRW�PLVLGHQWLILHG�DV�WRSRJUDSKLFDOO\�VKDGHG�DFFXPXODWLRQ�DUHDV�

ZKLFK�WKH\�FDQ�UHVHPEOH�RQ�/DQGVDW�70�IDOVH�FRORU�FRPSRVLWHV�

6XPPDU\

6SHFWUDO�PL[WXUH�DQDO\VLV�RI�/DQGVDW�7KHPDWLF�0DSSHU�LPDJHV�KDV�EHHQ

IRXQG�WR�EH�DQ�LGHDO�WHFKQLTXH�IRU�GHOLQHDWLQJ�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�]RQHV

RQ�WURSLFDO�JODFLHUV�DQG�SURYLGHV�D�WRRO�WR�DFFXUDWHO\�PDS�WKH�WUDQVLHQW�VQRZOLQH�

'HOLQHDWLRQ�RI�WKH�DFFXPXODWLRQ�DQG�DEODWLRQ�]RQHV�LV�UREXVW�DQG�TXLWH�LQVHQVLWLYH

WR�WKH�H[DFW�HQGPHPEHUV�HPSOR\HG���,W�DSSHDUV�SRVVLEOH�WR�WUDQVIHU�D�VSHFWUDO

OLEUDU\�GHYHORSHG�RQ�RQH�JODFLHU�WR�DQRWKHU�DUHD��ZKLFK�LV�LPSRUWDQW�EHFDXVH�VXUIDFH

FRQGLWLRQV�DUH�PRQLWRUHG�RQ�IHZ�JODFLHUV�LQ�WKH�UHJLRQ���6SHFWUDO�PL[LQJ�LV�IRXQG�WR

EH�VXSHULRU�WR�HLWKHU�VLQJOH�EDQGV�RU�EDQG�UDWLRV�LQ�GHWHFWLRQ�RI�WKH�WUDQVLHQW
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VQRZOLQH���2QFH�WKH�HOHYDWLRQ�RI�WKH�WUDQVLHQW�VQRZOLQH�DQ�$$5�FDQ�EH�HDVLO\

FDOFXODWHG���$V�YLVLEOH�DQG�QHDU�WR�PLG�LQIUDUHG�LPDJHV�EHFRPH�DYDLODEOH�DW�EHWWHU

VSDWLDO�UHVROXWLRQ��UHPRWH�VHQVLQJ�DQG�VSHFWUDO�PL[LQJ�DQDO\VLV�ZLOO�EHFRPH�D�PRUH

YLDEOH�RSWLRQ�IRU�WKH�VWXG\�RI�WURSLFDO�JODFLHUV�
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%LEOLRJUDSK\

$GDPV��-��%���DQG�6PLWK��0��2���������6SHFWUDO�PL[LQJ�PRGHOLQJ���D�QHZ�DQDO\VLV�RI
URFN�DQG�VRLO�W\SHV�DW�WKH�9LNLQJ���/DQGHU�VLWH��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK�
��������������

%D\U��.��-���+DOO��'��.���DQG�.RYDOLFN��:��0���������2EVHUYDWLRQV�RQ�JODFLHUV�LQ�WKH
HDVWHUQ�$XVWULDQ�$OSV�XVLQJ�VDWHOOLWH�GDWD��,QWHUQDWLRQDO�-RXUQDO�RI�5HPRWH
6HQVLQJ����������������

%RDUGPDQ��-��:����������,QYHUVLRQ�RI�LPDJLQJ�VSHFWURPHWU\�GDWD�XVLQJ�VLQJXODU
YDOXH�GHFRPSRVLWLRQ��,Q��,QWHUQDWLRQDO�*HRVFLHQFH�DQG�5HPRWH�6HQVLQJ�6\PSRVLXP
�,*$566
�����&ROOHJH�3DUN��0'��SS������������

&KDYH]��3��6���������$Q�LPSURYHG�GDUN�REMHFW�VXEWUDFWLRQ�WHFKQLTXH�IRU�DWPRVSKHULF
VFDWWHULQJ�FRUUHFWLRQ�RI�PXOWLVSHFWUDO�GDWD��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW�����
��������

'LD]��+�)��DQG�*UDKDP��1�(����������5HFHQW�FKDQJHV�LQ�WURSLFDO�IUHH]LQJ�KHLJKWV
DQG�WKH�UROH�RI�VHD�VXUIDFH�WHPSHUDWXUH���1DWXUH���������������

'R]LHU��-���������6SHFWUDO�VLJQDWXUH�RI�DOSLQH�VQRZ�FRYHU�IURP�WKH�/DQGVDW�7KHPDWLF
0DSSHU��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW�����������

)RXQWDLQ��$�*���.ULPPHO��5�0���DQG�7UDEDQW��'�&����������$�VWUDWHJ\�IRU�PRQLWRULQJ
JODFLHUV���8QLWHG�6WDWHV�*HRORJLFDO�6XUYH\�&LUFXODU������

)UDQFRX��%���5LEVWHLQ��3���6DUDYLD��5���DQG�7LULDX��(���������0RQWKO\�EDODQFH�DQG
ZDWHU�GLVFKDUJH�RI�DQ�LQWHU�WURSLFDO�JODFLHU��=RQJR�*ODFLHU��&RUGLOOHUD�5HDO��%ROLYLD�
����6��-RXUQDO�RI�*ODFLRORJ\������������

+DOO��'��.���%HQVRQ��&��6���DQG�)LHOG��:��2�������D��&KDQJHV�RI�JODFLHUV�LQ�*ODFLHU
%D\��$ODVND��XVLQJ�JURXQG�DQG�VDWHOOLWH�PHDVXUHPHQWV��3K\VLFDO�*HRJUDSK\���������
���

+DOO��'��.���%LQVFKDGOHU��5��$���)RVWHU��-��/���&KDQJ��$��7��&���DQG�6LGGDOLQJDLDK��+��
������&RPSDULVRQ�RI�LQ�VLWX�DQG�VDWHOOLWH�GHULYHG�UHIOHFWDQFHV�RI�)RUELQGHOV�*ODFLHU�
*UHHQODQG��,QWHUQDWLRQDO�-RXUQDO�RI�5HPRWH�6HQVLQJ��������������

+DOO��'��.���&KDQJ��$��7��&���)RVWHU��-��/���%HQVRQ��&��6���DQG�.RYDOLFN��:��0���������
&RPSDULVRQ�RI�,Q�6LWX�DQG�/DQGVDW�GHULYHG�UHIOHFWDQFH�RI�$ODVNDQ�JODFLHUV��5HPRWH
6HQVLQJ�RI�(QYLURQPHQW������������

+DOO��'��.���2UPVE\��-��3���%LQGVFKDGOHU��5��$���DQG�6LGGDOLQJDLDK��+��������
&KDUDFWHUL]DWLRQ�RI�VQRZ�DQG�LFH�UHIOHFWDQFH�]RQHV�RQ�JODFLHUV�XVLQJ�/DQGVDW
7KHPDWLF�0DSSHU�'DWD��$QQDOV�RI�*ODFLRORJ\�������������
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+DOO��'��.���5LJJV��*���$���DQG�6DORPRQVRQ��9��9�������E��'HYHORSPHQW�RI�PHWKRGV
IRU�PDSSLQJ�JOREDO�VQRZ�FRYHU�XVLQJ�PRGHUDWH�UHVROXWLRQ�LPDJLQJ
VSHFWURUDGLRPHWHU�GDWD��5HPRWH�6HQVLQJ�RI�(QYLURQPHQW��������������

+DVWHQUDWK��6���������+HDW�EXGJHW�PHDVXUHPHQWV�RQ�WKH�4XHOFFD\D�,FH�&DS�
3HUXYLDQ�$QGHV��-RXUQDO�RI�*ODFLRORJ\������������

+DVWHQUDWK��6�������D��7URSLFDO�JODFLHU�DQG�FOLPDWH�YDULDWLRQV�
(QGZLVVHQVFKDIWOLFKH�)RUVFKXQJ��������������

+DVWHQUDWK��6�������E��7KH�*ODFLHUV�RI�(TXDWRULDO�(DVW�$IULFD���'��5HLGHO�3XEOLVKLQJ
&RPSDQ\��'RUGUHFKW�

+DVWHQUDWK��6���������,FH�IORZ�DQG�PDVV�FKDQJHV�RI�/HZLV�*ODFLHU��0RXQW�.HQ\D�
.HQ\D��(DVW�$IULFD��REVHUYDWLRQV����������PRGHOLQJ��DQG�SUHGLFWLRQV�WR�WKH�\HDU
�����$�'��-RXUQDO�RI�*ODFLRORJ\��������������

+DVWHQUDWK��6���������7RZDUG�WKH�VDWHOOLWH�PRQLWRULQJ�RI�JODFLHU�FKDQJHV�RQ�0RXQW
.HQ\D��$QQDOV�RI�*ODFLRORJ\��������������

+DVWHQUDWK��6���DQG�$PHV��$���������'LDJQRVLQJ�WKH�LPEDODQFH�RI�WKH�<DQDPDUH\
*ODFLHU�LQ�WKH�&RUGLOOHUD�%ODQFD�RI�3HUX��-RXUQDO�RI�*HRSK\VLFDO�5HVHDUFK������
����������

+DVWHQUDWK��6���DQG�.UXVV��3��'�������D��7KH�GUDPDWLF�UHWUHDW�RI�0RXQW�.HQ\D
V
JODFLHUV�EHWZHHQ������DQG��������JUHHQKRXVH�IRUFLQJ��$QQDOV�RI�*ODFLRORJ\����������
����

+DVWHQUDWK��6���DQG�.UXVV��3��'�������E��*UHHQKRXVH�,QGLFDWRUV�LQ�.HQ\D��1DWXUH�
������������

+RSH��*��6���3HWHUVRQ��-��$���5DGRN��8���DQG�$OOLVRQ��,���������7KH�HTXDWRULDO�JODFLHUV
RI�1HZ�*XLQHD��$�$��%DONHPD��5RWWHUGDP�

-RKQVRQ��$��0���������7KH�FOLPDWH�RI�3HUX��%ROLYLD��DQG�(FXDGRU��,Q��:�
6FKZHUGWIHJHU��(GLWLRU���7KH�&OLPDWH�RI�6RXWK�$PHULFD��:RUOG�6XUYH\�RI
&OLPDWRORJ\��(OVHYLHU��$PVWHUGDP��SS����������

-RUGDQ��(���������7KH�XWLOLW\�RI�D�JODFLHU�,QYHQWRU\�WR�GHYHORSLQJ�FRXQWULHV�VXFK�DV
%ROLYLD��4XDWHUQDU\�RI�6RXWK��$PHULFD�DQG�$QWDUFWLF�3HQLQVXOD�������������

-RUGDQ��(���������'LH�JOHWVFKHU�GHU�EROLYLDQLVFKHQ�$QGHDQ��)UDQ]�6WHLQHU�9HUODJ�
6WXWWJDUW�

.DVHU��*���$PHV��$���DQG�=DPRUD��0���������*ODFLHU�IOXFWXDWLRQV�DQG�FOLPDWH�LQ�WKH
&RUGLOOHUD�%ODQFD��3HUX��$QQDOV�RI�*ODFLRORJ\��������������
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.HUU��$���������7RSRJUDSK\��FOLPDWH�DQG�LFH�PDVVHV���D�UHYLHZ��7HUUD�1RYD���������
����

.ULPPHO��5��0���DQG�0HLHU��0��)���������*ODFLHU�DSSOLFDWLRQV�RI�(576�LPDJHV�
-RXUQDO�RI�*ODFLRORJ\��������������

0DUNKDP��%��/���DQG�%DUNHU��-��/���������/DQGVDW�066�DQG�70�SRVW�FDOLEUDWLRQ
G\QDPLF�UDQJHV��H[RDWPRVSKHULF�UHIOHFWDQFHV�DQG�DW�VDWHOOLWH�WHPSHUDWXUHV��(26$7
7HFKQLFDO�1RWHV���������

0HLHU��0��)���������(YDOXDWLRQ�RI�(567�LPDJHU\�IRU�PDSSLQJ�DQG�GHWHFWLRQ�RI
FKDQJHV�LQ�VQRZFRYHU�RQ�ODQG�DQG�RQ�JODFLHUV��,Q��6\PSRVLXP�RQ�6LJQLILFDQW
5HVXOWV�2EWDLQHG�IURP�WKH�(DUWK�5HVRXUFHV�7HFKQRORJ\�6DWHOOLWH����1$6$�63�����
:DVKLQJWRQ��'�&���SS����������

�VWUHP��*���������(576�GDWD�LQ�JODFLRORJ\����DQ�HIIRUW�WR�PRQLWRU�JODFLHU�PDVV
EDODQFH�IURP�VDWHOOLWH�LPDJHU\��-RXUQDO�RI�*ODFLRORJ\��������������

3DWHUVRQ��:��6��%���������7KH�3K\VLFV�RI�*ODFLHUV��(OVHYLHU�6FLHQFH�/WG���2[IRUG�

3UHVV��:��+���)ODQQHU\��%��3���7HXNROVN\��6��$���DQG�9HWWHUOLQJ��:��7��������
1XPHULFDO�5HFLSHV�LQ�&��&DPEULGJH�8QLYHUVLW\�3UHVV��&DPEULGJH�

5LEVWHLQ��3���7LULDX��(���)UDQFRX��%���DQG�6DUDYLD��5���������7URSLFDO�FOLPDWH�DQG
JODFLHU�K\GURORJ\��D�FDVH�VWXG\�LQ�%ROLYLD��-RXUQDO�RI�+\GURORJ\���������������

5RVHQWKDO��:���DQG�'R]LHU��-���������$XWRPDWHG�PDSSLQJ�RI�PRQWDQH�VQRZ�FRYHU�DW
VXESL[HO�UHVROXWLRQ�IURP�WKH�/DQGVDW�7KHPDWLF�0DSSHU��:DWHU�5HVRXUFHV�5HVHDUFK�
������������

6DERO��'��(���$GDPV��-��%���DQG�6PLWK��0���������3UHGLFWLQJ�WKH�6SHFWUDO
'HWHFWDELOLW\�RI�6XUIDFH�0DWHULDOV�8VLQJ�6SHFWUDO�0L[WXUH�$QDO\VLV��,Q�
,QWHUQDWLRQDO�*HRVFLHQFH�DQG�5HPRWH�6HQVLQJ�6\PSRVLXP��,*$566
�����&ROOHJH
3DUN��0'��SS����������

7KRPSVRQ��/��*���������*ODFLRORJLFDO�LQYHVWLJDWLRQV�RI�WKH�WURSLFDO�4XHOFFD\D�,FH
&DS��3HUX��-RXUQDO�RI�*ODFLRORJ\������������

7KRPSVRQ��/��*���������$������\HDU�UHFRUG�RI�WURSLFDO�SUHFLSLWDWLRQ�LQ�LFH�FRUHV�IURP
WKH�4XHOFFD\D�,FH�&DS��3HUX��6FLHQFH���������������

7KRPSVRQ��/��*���DQG�+DVWHQUDWK��6���������&OLPDWLF�LFH�FRUH�UHFRUGV�IURP�WKH
WURSLFDO�4XHOFFD\D�,FH�&DS��6FLHQFH�����������������

:LOOLDPV��5��6��-���+DOO��'��.���DQG�%HQVRQ��&��6��������$QDO\VLV�RI�JODFLHU�IDFLHV
XVLQJ�VDWHOOLWH�WHFKQLTXHV��-RXUQDO�RI�*ODFLRORJ\��������������
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)LJXUH�&DSWLRQV

)LJXUH�����(QGPHPEHU�VSHFWUD�XVHG�LQ�WKH�VSHFWUDO�PL[WXUH�DQDO\VLV

)LJXUH�����/DQGVDW�7KHPDWLF�0DSSHU�EDQG���LPDJH�RI�WKH�FHQWUDO�$QGHV��VKRZLQJ

WKH�ORFDWLRQV�RI�=RQJR�*ODFLHU�DQG�WKH�4XHOFFD\D�,FH�&DS�

)LJXUH�����)LHOG�YLHZV�RI�=RQJR�*ODFLHU����D��DFFXPXODWLRQ�]RQH���E��XSSHU�DEODWLRQ

]RQH��ORZHU�DFFXPXODWLRQ�]RQH�DQG�WHUPLQXV��F����*URXQG�SKRWRJUDSKV�WDNHQ�RQ

$XJXVW���DQG���������

)LJXUH�����/DQGVDW�7KHPDWLF�0DSSHU��70���EDQG���LPDJH�=RQJR�JODFLHU�

)LJXUH�����)UDFWLRQDO�DEXQGDQFH�LPDJHV�RI�=RQJR�JODFLHU��D��DFFXPXODWLRQ�]RQH

IUDFWLRQ�LPDJH���E��DEODWLRQ�]RQH�IUDFWLRQ�LPDJH���F��VRLO�URFN�IUDFWLRQ�LPDJH�DQG��G�

VKDGH�IUDFWLRQ�LPDJH���H��VRLO�URFN�IUDFWLRQ�LPDJH�

)LJXUH�����6SHFWUDO�PL[WXUH�DQDO\VLV�506�HUURU

)LJXUH�����%LQDU\�VQRZ�FRYHU�FODVVLILFDWLRQ�RI�=RQJR�*ODFLHU

)LJXUH������D��)UDFWLRQDO�HQGPHPEHU�DEXQGDQFHV�YHUVXV�GLVWDQFH�DORQJ�D�WUDQVHFW

DFURVV�=RQJR�JODFLHU�VKRZQ�LQ�)LJXUH���
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)LJXUH�����/DQGVDW�70��70��EDQG�UDWLR�RI�=RQJR�JODFLHU

)LJXUH�������D��/DQGVDW�7KHPDWLF�0DSSHU�EDQG���LPDJH�RI�WKH�4XHOFFD\D�,FHFDS�

�E��DFFXPXODWLRQ�]RQH�IUDFWLRQ�LPDJH��DQG��F��DEODWLRQ�IUDFWLRQ�LPDJH�
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